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β-cateninnt/β-catenin signaling in lens differentiation (Stump, R. J., et al., 2003. A role for
Wnt/beta-catenin signaling in lens epithelial differentiation. Dev Biol;259:48–61). β-catenin is a component
of adherens junctions and functions as a transcriptional activator in canonical Wnt signaling. We investigated
the effects of Cre/LoxP-mediated deletion of β-catenin during lens development using two Cre lines that
speciﬁcally deleted β-catenin in whole lens or only in differentiated ﬁbers, from E13.5. We found that β-
catenin was required in lens epithelium and during early ﬁber differentiation but appeared to be redundant
in differentiated ﬁber cells. Complete loss of β-catenin resulted in an abnormal and deﬁcient epithelial layer
with loss of E-cadherin and Pax6 expression as well as abnormal expression of c-Maf and p57kip2 but not
Prox1. There was also disrupted ﬁber cell differentiation, characterized by poor cell elongation, decreased β-
crystallin expression, epithelial cell cycle arrest at G1–S transition and premature cell cycle exit. Despite cell
cycle arrest there was no induction of apoptosis. Mutant ﬁber cells displayed altered apical–basal polarity as
evidenced by altered distribution of the tight junction protein, ZO1, disruption of apical actin ﬁlaments and
abnormal deposition of extracellular matrix, resulting in a deﬁcient lens capsule. Loss of β-catenin also
affected the formation of adhesion junctions as evidenced by dissociation of N-cadherin and F-actin
localization in differentiating ﬁber cells. However, loss of β-catenin from terminally differentiating ﬁbers had
no apparent effects on adhesion junctions between adjacent embryonic ﬁbers. These data indicate that β-
catenin plays distinct functions during lens ﬁber differentiation and is involved in both Wnt signaling and
adhesion-related mechanisms that regulate lens epithelium and early ﬁber differentiation.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe vertebrate lens arises from embryonic ectoderm through a
series of inductive interactions that involve both intrinsic and
extrinsic factors. Events in the speciﬁcation and induction of lens
from ectoderm involve expression and activation of key transcription
factors (Pax6, FoxE3) and growth factor (BMP, FGF, Wnt) signaling
pathways (reviewed in Lang, 2004; Litsiou et al., 2005). Interestingly,
subsequent differentiation of lens cells utilizes many of these same
signaling pathways (Lovicu and McAvoy, 2005).
The mature lens consists of two cell types: a monolayer of epithelial
cells that overlies a mass of highly elongated and aligned ﬁber cells. The
whole structure is enclosed by a thick basement membrane, whichongh).
t. Jude Children's Hospital,
l rights reserved.during embryonic and early postnatal development is covered externally
by a network of blood vessels, the tunica vasculosa lentis. This
vasculature never penetrates the lens capsule and is subsequently
degradedas the lensmatures (Mitchell et al.,1998). The lenscapsule itself
is composed of collagen IV, laminin, heparan sulphate proteoglycans,
ﬁbronectin, tenascin, and entactin/nidogen that are produced and
secreted by epithelial and early ﬁber cells in a polarized manner
(reviewed in Wederell and de Iongh, 2006).
The lens continues to grow throughout life and ﬁber cells are
continuously added to the bulk of the lens in the equatorial cortex. In
the mature lens, stem cells in a region of the lens epithelium above
the equator, known as the germinative zone, proliferate and either
remain as epithelial cells or, if they move posteriorly across the lens
equator, differentiate into lens ﬁbers. Fiber cell differentiation is
characterized by distinct morphological and molecular changes;
epithelial cells exit from the cell cycle, undergo extensive elongation,
develop specialized cell junctions, accumulate ﬁber-speciﬁc proteins
(β-, γ-crystallin, ﬁlensin) and eventually lose their nuclei and
intracellular organelles (McAvoy et al., 1999).
Table 1
Genotyping primers
Primer Sequence (5′–3′) Product size
Catnβ LoxP-A ACTGCCTTTGTTCTCTTCCCTTCTG 140 (Wt) 180 (LoxP)
Catnβ LOXP-B CAGCCAAGGAGAGCAGGTGAGG
Catnβ DEL-A ACTGCCTTTGTTCTCTTCCCTTCTG 500 (Del)
Catnβ DEL-B CAGACAGACAGCACCTTCAGCACTC
PR-4 GCATTCCAGCTGCTGACGGT 577 (Cre)
CRE-AS CAGCCCGGACCGACGATGAAG
421S. Cain et al. / Developmental Biology 321 (2008) 420–433Several growth factors are known to stimulate lens epithelial cell
proliferation, but only ﬁbroblast growth factors (FGFs) can induce lens
epithelial cells to adopt a ﬁber cell fate; stimulating cell elongation,
expression of ﬁber-speciﬁc proteins and all themorphological features
of lens ﬁber cells in vitro (Lovicu and McAvoy, 2005). Members of the
transforming growth factor-β (TGFβ) super family have also been
implicated in ﬁber differentiation and appear to regulate cell
elongation (Beebe et al., 2004; Belecky-Adams et al., 2002; Faber et
al., 2002) and terminal differentiation (de Iongh et al., 2001).
Recent studies have implicated the Wnt/β-catenin signaling
pathway in various stages of eye development, including lens
differentiation (reviewed in de Iongh et al., 2006). Regulation of
the phosphorylation of cytosolic β-catenin protein is central to
signaling via this pathway. In the absence of Wnt signals, cytosolic
β-catenin is phosphorylated and targeted for proteasomal degrada-
tion by a protein complex, which includes APC, GSK3β and axin.
However, binding of secreted Wnt glycoproteins to Frizzled
receptors and Lrp co-receptors results in activation of the cytoplas-
mic Dishevelled protein, which inhibits the destruction complex. As
a consequence, hypophosphorylated β-catenin accumulates in the
cytoplasm and translocates to the nucleus, where it interacts with
LEF/Tcf transcription factors to regulate downstream target genes.
β-catenin also fulﬁls a structural role in adhesion junctions
where, together with cytosolic α-catenin, it forms a complex that
links membrane cadherins to the actin cytoskeleton. In lens ﬁber
cells, the adherens junction is modiﬁed into a cortex adherens that
runs along the length of the ﬁbers but is restricted to a distinct
domain of the lateral ﬁber cell membrane. In transverse section, lens
ﬁbers have a hexagonal proﬁle (2 long and 4 short sides) and
components of the cortex adherens (N-cadherin, cadherin-11, α-
catenin, β-catenin, plakoglobin, p120ctn and vinculin) are localized
almost exclusively to the short sides of the hexagon (Straub et al.,
2003).
The expression of various Wnt pathway components have been
documented during lens development (Ang et al., 2004; Chen et al.,
2004b; de Iongh et al., 2006; Jasoni et al., 1999; Stump et al., 2003)
and it has been shown, using Lef/Tcf reporter transgenes, that the
canonical Wnt/β-catenin pathway is active during lens development,
particularly in the epithelium at E13.5–E14.5 (Liu et al., 2003 Liu et
al.";, 2006). Studies in mice harbouring a null mutation of Lrp6
provided the ﬁrst evidence that Wnt signals are involved in lens
differentiation (Stump et al., 2003). Lrp6−/− lenses have deﬁcient lens
epithelium and disrupted ﬁber cell differentiation from approxi-
mately E12.5. However, the phenotype showed considerable varia-
bility, suggesting functional redundancy with Lrp5. Moreover, the
embryonic lethality of these mice from E14.5 onwards made further
analyses difﬁcult. In vitro studies have also shown that Wnt3a-
conditioned medium can stimulate lens epithelial cell proliferation
and induce accumulation of β-crystallin in the presence of low levels
of FGF2. Similarly, activation of the Wnt/β-catenin pathway by LiCl or
by over-expression of β-catenin can activate βB2-crystallin expres-
sion in lens cell lines (Lyu and Joo, 2004). These results suggest that
Wnt/β-catenin signaling plays important roles in epithelial cell
proliferation and ﬁber cell differentiation.
Numerous studies have used conditional manipulation of β-
catenin as means to investigate the role of Wnt/β-catenin in
developmental processes (Backman et al., 2005; Brault et al., 2001;
Cattelino et al., 2003; Hari et al., 2002; Huelsken et al., 2001; Lickert
et al., 2002). In this study we investigate the effects of conditionally
deleting β-catenin on lens development. By the use of highly speciﬁc
Cre-expressing transgenic mice, we show that β-catenin is required
in the epithelial cell population to maintain their proliferation and
also during the initiation of ﬁber cell differentiation and ﬁber cell
polarity, but is dispensable once the ﬁbers have commenced
elongation and differentiation in the lens cortex. While many of
the effects on proliferation and differentiation appear to be due todisruption of Wnt/β-catenin signaling, the loss of ﬁber cell polarity
is likely to involve β-catenin adhesion-mediated mechanisms.
Materials and methods
Generation of conditional β-catenin null mutation in lens
The generation of ﬂoxed β-catenin (CatnβloxP/loxP) mice has been
described previously (Huelsken et al., 2001). In these mice, exons 3 to
6 (encoding the N-terminal domain and armadillo repeats 1–4) of the
β-catenin gene (Catnβ) are ﬂanked by LoxP sites. The CatnβloxP/loxP
mice had also been backcrossed with transgenic mice harbouring a
Cre-inducible LacZ reporter (Huelsken et al., 2001; Thorey et al., 1998)
to permit identiﬁcation of Cre activity by X-Gal staining for β-
galactosidase.
The Cre-expressing transgenic lines (MLR10 and MLR39) have
also been described previously (Zhao et al., 2004). MLR10 mice
express Cre in both the lens epithelium and ﬁbers under the
transcriptional control of the minimal αA-crystallin promoter, which
has been modiﬁed by the insertion of a Pax6 consensus binding
element. MLR39 mice express Cre in the lens ﬁbers via the minimal
αA-crystallin promoter, and little or no activity is present in the lens
epithelium. Both lines were maintained as homozygotes for the
transgene by inbreeding. None of the parental mice strains
(CatnβloxP/loxP, MLR10 or MLR39) have ocular phenotypes (Huelsken
et al., 2001; Zhao et al., 2004).
CatnβloxP/loxP/LacZ+/+ mice were mated with MLR10Cre+/+ or
MLR39Cre+/+ mice and heterozygous F1 progeny (Cre+/CatnβLoxP/wt/
LacZ+) were used to conﬁrm Cre activity during lens development by
X-Gal histochemistry. F1 progeny were crossed to obtain F2 mice that
were Cre-positive or Cre-negative and Catnβwt/wt, CatnβLoxP/wt, or
CatnβLoxP/LoxP. Micewere genotyped by PCR of genomic tail or lens DNA
using primers (Table 1) for the Cre transgene (Zhao et al., 2004) and for
wild-type, LoxP and deleted Catnβ alleles (Huelsken et al., 2001). F2
mice for MLR10- and MLR39-derived lines that had the desired
genotype (Cre+/CatnβloxP/loxP) were crossed in sister–brother matings
to establish the lines βCat10 and βCat39, respectively. Control wild-
type (Wt) tissues were obtained from mice of the parental strains or
littermates with genotypes Cre+/Catnβ loxP/wt, Cre−/Catnβ loxP/wt or Cre−/
Catnβ loxP/loxP. For all phenotypic analyses, F4 generation mice or
greater were used.
All animal studies were in accordance with NHMRC (Australia)
guidelines and provisions of the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research andwere approved by the
Animal Ethics Committee of University of Melbourne.
X-Gal histochemistry
Eyes and embryos were collected from F1 litters of mice obtained
by mating CatnβLoxP/LoxP/LacZ+ and Cre transgenic mice. Tissues were
ﬁxed for 30 min at 4 °C in 2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.3), and rinsed (3×10 min) in X-Gal buffer (0.1%
deoxycholate, 0.2% Nonidet P-40, 2 mM MgCl2 in phosphate buffered
saline (PBS)). Tissue samples were stained for 5–18 h at 37 °C in X-Gal
buffer, containing 5 mM potassium ferricyanide, 5 mM potassium
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pyranoside (X-Gal) pH 7.4. Tissues were rinsed in PBS (3×5 min), ﬁxed
overnight in neutral buffered formalin (NBF) before being dehydrated,
embedded in parafﬁn and sectioned.
Histology and immunoﬂuorescence
Eyes (P1–P21) and embryos (E12.5–E14.5) were obtained from
βCat10, βCat39 and Wt mice. Tissues were ﬁxed in 10% neutral
buffered formalin (NBF) and embedded in parafﬁn or were ﬁxed in 4%
paraformaldehyde in PBS, cryoprotected in 30% sucrose and embedded
in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) for frozen
sections.
Parafﬁn sections (5 μm) were deparafﬁnized and rehydrated
through decreasing ethanol solutions to water before staining with
hematoxylin and eosin, periodic acid Schiff (PAS) or immunoﬂuor-
escence. Prior to immunoﬂuorescence, formalin-ﬁxed parafﬁn
sections were subjected to antigen retrieval by treatment with
preheated (60 °C) 0.01M citrate buffer (pH7.4) and heated in a
microwave for 5 min on high, followed by a further 5 min on a
lower setting to maintain the solution at, or near, boiling. Antigen-
retrieved parafﬁn sections or frozen sections (12 μm) were blocked
with 3–5% normal goat serum in 0.1% BSA/PBS for 30 min at room
temperature (RT), followed by overnight incubation at 4 °C with
primary antibody (Table 2) in the same blocking solution. Control
sections were incubated in the absence of the primary antibody or
with a non-immune rabbit or mouse IgG to control for non-speciﬁc
reactivity. Reactivity was visualized using a secondary antibody
(anti-mouse or anti-rabbit IgG) conjugated to Alexaﬂuor-488 dye
(Molecular Probes, Eugene, Oregon), diluted 1:500 in PBS/0.1% BSA
for 60 min at RT. After rinsing in PBS/BSA, sections were stained
with 1 μg/ml Hoechst dye (Sigma, Castle Hill, Australia) for 10 min
to label nuclei. In some cases, frozen sections were stained with
phalloidin-TRITC (Sigma). Sections were rinsed extensively in PBS/Table 2
Antibodies used in this study
Antigen Source Catalog
#
Species
of origin
Dilution Section
treatment
Anti-Rb-Alexa488
Anti-Mo-Alexa488
Molecular Probes,
Eugene, OR.
A-11008
A-11001
Go 1:500 P(AR)/F
β-Catenin BD Transduction Labs,
San Jose, CA
610154 Mo 1:200 P(AR)
β-Catenin (active) Upstate, Lake Placid,
NY
05-665 Mo 1:100 P(AR)
β-Crystallin Gift — Prof Bob
Augusteyn
3H9 Mo 1:1 P(AR)
BrdU Bioclone, Sydney,
Australia
Mo 1:100 HCl/
pepsin
C-Maf Santa Cruz, Santa Cruz
CA
SC-7866 Rb P(AR)
Cyclin D1 Sapphire Bioscience,
Redfern NSW,
Australia
21699
(SP4)
Mo 1:1 P(AR)
E-cadherin BD-Transduction Labs,
San Jose, CA
610182 Mo 1:500 P(AR)
N-cadherin Zymed, San Francisco
CA
18-0224 Mo 1:200 F
Pax6 Covance, Princeton NJ PRB-
278P
Rb P(AR)
Prox1 Covance, Princeton NJ PRB-
238C
Rb 1:100 P(AR)
p57Kip2 AbCam, Cambridge,
UK
4058 Rb 1:100 P(AR)
ZO-1 Zymed (Invitrogen),
Carlsbad CA
ZO1-
1A12
Mo 1:50 P(AR)
Abbreviations: AR, antigen retrieval; F frozen; Go, goat; Mo, mouse; P, parafﬁn; Rb,
rabbit.BSA and mounted with coverslips using ﬂuorescent mounting
medium (Dako, Carpinteria, CA). To quantify cells in M phase,
phosphohistone3-positive (PH3+) cells were counted in the lens
epithelium in at least three sections from three different embryos at
E13.5. Data were expressed as number of cells per 10 μm length of
epithelium and analysed by ANOVA and Student's t-test for
signiﬁcant differences at pb0.05.
Bromodeoxyuridine (BrdU) labeling
For BrdU-labeling experiments, pregnant mice were injected with
5-bromo-2′-deoxyuridine (BrdU; 0.1 mg/g body weight) and 5-ﬂuoro-
2′deoxyuridine (FldU; 0.1 mg/10 g body weight) in PBS, 1 h prior to
collection and ﬁxation of embryos. Tissues were prepared for
histology as above and rehydrated sections were treated with 2 M
HCl for 30 min at RT to denature DNA, neutralized with 0.1 M sodium
borate (pH 8.5) for 10 min and rinsed in PBS. Sections were incubated
in 0.12% trypsin in PBS at 37 °C for 25 min, rinsed and processed for
immunoﬂuorescence to localize incorporated BrdU. To quantify cells
in S phase, BrdU+ cells and propidium iodide-stained nuclei were
counted in at least three sections from three different embryos at
E13.5. Data were analysed by ANOVA and Student's t-test for
signiﬁcant differences at pb0.05.
TUNEL
To detect cells undergoing apoptosis, the DeadEnd™ Fluorometric
TUNEL System (Promega, Sydney, Australia) was used on rehydrated
parafﬁn sections, according to the manufacturer's instructions.
Results
Cre activity during lens development in βCat10 and βCat39 mice
To conﬁrm Cre activity in MLR10 and MLR39 transgenic mice we
took advantage of the presence of a LacZ Cre reporter allele (Thorey et
al., 1998) in F1 mice (Cre+/CatnβLoxP/wt/LacZ/+/). Cre-mediated recom-
bination at LoxP sites in the reporter construct results in de-repression
of the LacZ gene and expression ofβ-galactosidase. Thus all cellswhere
Cre has been active are detectable by X-Gal histochemistry, which
generates a blue reaction product. In F1 βCat10 mice, Cre activity was
ﬁrst detected at E10.5 in a few cells of the lens pit (Fig. 1A). By E12.5 all
cells in the developing lens showed intense staining for β-galactosi-
dase, indicating Cre was active in all lens cells (Fig. 1B). Similarly, at
E14.5 (Fig. 1C) and at P1 (Fig. 1D) Cre activity was detected in lens
epithelial and ﬁber cells. By contrast, in F1 βCat39 mice, Cre activity
wasﬁrst detected at E11.5 in a fewcells in the posterior lens vesicle (Fig.
1E). At E12.5, intense staining was present in almost all ﬁber cells but
was virtually absent fromepithelial cells (Fig.1F). At subsequent stages,
E14.5 (Fig.1G) and P1 (Fig. 1H), the pattern of Cre activity was similar
with strong staining present in ﬁber cells but only occasional
epithelial cells showed Cre activity. These Cre expression patterns
are consistent with those reported by Zhao et al. (2004) using
ROSA26 reporter mice and indicate that these mice can be used to
conditionally recombine ﬂoxed genes in different lens cell lineages.
Ocular phenotype of βCat10 and βCat39 mice
PCR screening of F2 litters from F1 intercrosses produced mice with
the desired genotype (Cre+/β-cateninLoxP/LoxP) according to Mendelian
frequencies (not shown) for both βCat10 and βCat39 lines. At birth, no
overt phenotype was apparent in either βCat10 or βCat39 mutant mice
externally. However, from P10 onwards a distinct external phenotype
became apparent in βCat10, but not βCat39, mutant mice. The
phenotype was characterized by hair loss around the eyelid, vibrissae
and in patches under the cheek (Fig. 1K), which is consistent with the
Fig. 1.Microphthalmia in βCat10 but not βCat39 mice. (A–H) Cre recombinase activity during lens development as revealed by X-Gal staining of F1-βCat10 (A–D) and F1-βCat39 (E–
H) eyes. In F1-βCat10 mice (A–D), Cre activity is ﬁrst detected at E10.5 (A) in the lens pit (lp) and by E12.5 (B) is present in both lens epithelial (e) and ﬁber (fb) cell lineages, but not in
optic cup (oc). Similarly, at E14.5 (C) and at P1 (D), activity is detected in both epithelium (e) and ﬁbers (fb), including the transitional zone (white arrow). (E) In F1-βCat39 mice (E, F),
Cre activity is ﬁrst detected at E11.5 in elongating ﬁbers of the lens vesicle (lv) but not in the inner optic cup (oc). Variable activity was detected in the RPE (not shown). From E12.5 (F)
onwards, strong Cre activity is present in ﬁbers (fb). Apart from occasional epithelial cells (arrowheads) of E14.5 (G) and P1 (H) lenses, Cre activity is virtually absent from the
epithelium (e), including the transitional zone (white arrow). The lack of staining in the central ﬁbers of E14.5 and P1 lenses reﬂects lack of penetration of reagents, not lack of LacZ
activity. ( J–O) Ocular phenotypes of wild-type (J, M), mutant βCat10 (K) and βCat39 (N) littermates and dissected eyes (L, O) at P21. βCat10 mutants (K, L) but not βCat39
mutants (N, O) have microphthalmia compared to Wt mice. βCat10 mice also have hair loss (red arrows) around the eyes, vibrissae and in patches on the cheek. Scale
bars: 50 μm (A, D, E, H); 100 μm (B, C, F, G); 5 mm (J, K, M, N); 2 mm (L, O).
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inβCat10 embryos (data not shown) andwithprevious data showing the
requirement for β-catenin in hair follicle development (Huelsken et al.,
2001). Ateyeopening (P12), anocular phenotypewasapparent inβCat10
but not in βCat39 mice. In weanling mice, this was characterized by
microphthalmia (Figs. 1K, L); however, therewas no overt evidence for a
cataract. Dissection of eyes from these mice conﬁrmed the reduced size
of themutantβCat10 eyes comparedwithwild-type littermates (Fig.1L)
and βCat39 eyes (Fig. 10). In pigmented eyes, the lens was not easily
discernible in the βCat10 mutant but appeared to be reduced in size. In
non-pigmented βCat10 eyes, the lens was more clearly visible and
appeared grossly reduced in size compared with the wild-type (not
shown). By contrast, eyes and lenses from the βCat39 mutant (Figs. 1N,
O) appeared normal and similar to wild-type (Figs. 1M, O). While the
βCat10 phenotype was fully penetrant, being present in all mice of
appropriate genotype, the lens phenotype showed some variability in
severity in F2–F3 generation mice. In subsequent generations, the
phenotype was consistently more severe suggesting that heterozygosity
of the Cre transgene in F2 animals resulted in lower levels of Cre
expression and less efﬁcient deletion of the β-catenin gene. Analysis of
F2 lenses conﬁrmed the phenotype was less severe and that there was
less efﬁcient deletion of β-catenin (not shown). No overt ocular
phenotype has been observed inweanlingβCat39mice in 5 generations.
However, as these mice age, they appear to be predisposed to develop
nuclear cataracts. The mechanisms underlying this are not yet clear and
are under further investigation.Disrupted lens morphology in βCat10 mutants
Histological analysis of postnatal (P1 and P21) mutant eyes
showed that βCat39 mutants (Figs. 2B, E) had normal lenses, similar
to wild-type (Figs. 2A, D). By contrast, the βCat10 lenses were
extremely small and abnormal (Fig. 2C). In these mutants at P21, the
residual lens had no distinguishable epithelium and was composed
of abnormal ﬁber cells surrounded by a very thin basement
membrane (Fig. 2C), which was often ruptured, resulting in ﬁber
cell extrusion into the vitreous and posterior chamber of the aqueous
near the iris (not shown).
At P1, the epithelium was deﬁcient and epithelial cells appeared
abnormal in shape. In the ﬁber mass, the transitional zone was
disrupted and irregular and there was no distinct bow zone present in
the early differentiating ﬁbers (Fig. 2F) as seen in the wild-type (Fig.
2D) or the βCat39 mutants (Fig. 2E). Fiber cells were poorly elongated
and tended to be aligned more perpendicularly to the capsule than
wild-type ﬁbers, which were aligned with the antero-posterior axis of
the lens. PAS staining showed that the βCat39 mutants had a normal
lens capsule (Fig. 2E), similar towild-type (Fig. 2D). However, inβCat10
mutant lenses, the anterior capsule was extremely thin, whereas the
posterior capsule was abnormally thick and diffuse (Fig. 2F). At higher
magniﬁcation, the inadequacyof the lens capsulewas evidencedby the
presence of blood cells in the lens and the close adherence of the iris to
the remaining abnormal epithelial cells, with little evidence for a
basement membrane between the two tissues (Fig. 2G). The posterior
Fig. 2. Disrupted morphology of βCat10 but not βCat39 lenses. Histology of Wt (A, D, I), βCat39 (B, E) and βCat10 (C, F–H, J) eyes at P21 (A–C), P1 (D–H) or E14.5 (I, J) stained with H&E
(A–C, G, H) or with PAS (D–F, I, J). (A–C) Normal lens epithelium (arrows) and ﬁbers in Wt (A) and βCat39 (B) lenses at P21 compared to grossly abnormal structure of βCat10 lenses
(C). (D–F) Normal epithelium (arrows), ﬁbers and capsule in Wt (D) and βCat39 (E) lenses at P1 compared to deﬁcient epithelium (arrow), abnormal ﬁbers (white arrowheads) and
diffuse capsule (arrowhead, H) in βCat10 lens (F). Dashed line indicates the lens equator. (G) Higher magniﬁcation of anterior βCat10 lens in panel F, showing abnormal attachment of
iris (arrowheads) to residual epithelial cells (arrow) and presence of blood cells (⁎) under the epithelium. (H) Higher magniﬁcation of posterior βCat10 lens showing diffuse posterior
capsule (⁎) abnormally inﬁltrated by capillaries containing red blood cells (arrowheads). (I, J). PAS stained sections of E14.5 Wt (I) and βCat10 (J) lenses showing abnormal
accumulation of extracellular matrix. Insets: H&E stained sections of E14.5 Wt (I) and βCat10 (J) showing deﬁcient epithelium and accumulation of blood cells under the epithelium.
Scale bar: 200 μm (A, B); 50 μm (C, inset J, inset I); 500 μm (inset C); 80 μm (D–F); 20 μm (G, H); 65 μm (I, J).
424 S. Cain et al. / Developmental Biology 321 (2008) 420–433lens capsule was diffuse and inﬁltrated with endothelial cells forming
capillaries that contained blood cells (Fig. 2H).
The disruption of lens structure in βCat10 mutants was also
evident at E14.5. The epithelium was thinned and deﬁcient and
there was evidence of blood cells in the anterior lens, under an
abnormal multilayered epithelium (Fig. 2J and inset). The ﬁber cells
were abnormally aligned and abnormal accumulations of PAS
stained matrix within the ﬁber mass and decreased PAS staining
of the lens capsule (Fig. 2J) compared to wild-type (Fig. 2I).
Developmental deletion of β-catenin in βCat10 and βCat39 lenses
To delineate the spatiotemporal pattern of β-catenin deletion in
βCat10 and βCat39 lenses we localized β-catenin in E12.5–P1 eyes byimmunoﬂuorescence. In wild-type mice, β-catenin reactivity was
detectable in all lens cells from E12.5 to P1 (Figs. 3A, D, G), including
epithelial and ﬁber cell precursors of the early lens vesicle.
In βCat39 mice, the wild-type pattern was present at E12.5 (Fig.
3B), but by E13.5 there was marked reduction of staining in elongated
lens ﬁber cells (Fig. 3E). Cells in the anterior epithelium and
transitional zone, just below the equator, showed relatively normal
reactivity for β-catenin (Fig. 3E) but as ﬁber cells continue to elongate
in the inner cortex of the E13.5 lens, there was marked loss of
reactivity compared to wild-type (Fig. 3D). At P1 there was complete
loss of β-catenin in almost all ﬁbers of βCat39 lenses (Fig. 3H), except
for early ﬁbers in the transitional zone and outer cortex (Fig. 3H).
Reactivity in anterior epithelium and other ocular tissues was similar
to wild-type (Fig. 3G).
Fig. 3.Developmental patterns of β-catenin deletion in βCat10 and βCat39 lenses. β-catenin inWt (A, D, G), βCat39 (B, E, H) and βCat10 (C, F, I) eyes at E12.5 (A–C), E13.5 (D–F) and P1
(G–I). (A–C) At E12.5, β-catenin is detected in presumptive epithelial and ﬁber cells of lens vesicle (lv), neuroblasts of the optic cup (oc) and cornea (c) of Wt and βCat39 eyes but is
markedly reduced (⁎) in βCat10 posterior lens vesicle. Staining is still present in anterior vesicle cells (arrow). (D–F) At E13.5, β-catenin is present in all cells of Wt lenses, mostly
absent from ﬁbers of βCat39 lenses and totally absent from βCat10 lenses. (E) In βCat39 lenses, normal reactivity is present in early differentiating ﬁbers in the transitional zone below
the equator (dashed line) but is absent in moremature central ﬁbers (⁎). (F) In βCat10 lenses no reactivity for β-catenin is detected in lens cells (*); a vessel originating from the tunica
vasculosa lentis is β-catenin+ and has abnormally penetrated the lens ﬁber mass (arrowhead). (G–I) At P1 β-catenin is present in epithelial and ﬁber cells of wild-type lenses and other
ocular tissues such as iris (i) and neural retina (nr) but absent (⁎) frommature ﬁbers of βCat39 lenses (H) and from all cells of βCat10 lenses (I). In βCat39 lenses, distinct reactivity is
still detectable in epithelium and differentiating ﬁbers (arrow) in the transitional zone, below the equator (dashed line), as well as other ocular tissues but is completely
absent from mature central ﬁbers (⁎). No reactivity is detected in βCat10 lens cells, but blood cells show non-speciﬁc reactivity (arrowhead). Scale bar: 50 μm (A–C);
40 μm (D–I).
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early as E12.5 in posterior lens vesicle cells (Fig. 3C). Reactivity in
anterior vesicle cells also showed some patchy reduction of staining
but staining in the optic cup and overlying cornea was similar to
wild-type (Fig. 3A). However, from E13.5 onwards there appeared
to be almost complete deletion of β-catenin from βCat10 lenses
(Fig. 3F). Consistent with the observation of blood cells in these
mutant lenses, β-catenin staining often labeled endothelial cells
from the tunica vasculosa lentis penetrating into the lens ﬁber
mass (Fig. 3F). Similarly, at P1 there was virtually no reactivity in
the remaining epithelial cells or in the abnormal ﬁber mass. Blood
cells in the ﬁber mass showed non-speciﬁc reactivity (Fig. 3I,
arrowhead).
Loss of epithelial marker expression in βCat10 lenses
A characteristic feature of the phenotype in βCat10 lenses is
deﬁciency of the anterior epithelial layer. To investigate this further
we examined expression of E-cadherin, which is an epithelial cell
marker, in E13.5 and E14.5 lenses, when complete deletion of
β-catenin is ﬁrst evident. In wild-type (not shown) and βCat39
(Figs. 4A, C) lenses at both ages, E-cadherin was uniquely localized
to membranes of lens epithelial cells. Expression of E-cadherin
ceased as epithelial cells differentiate into ﬁber cells below theequator (Figs. 4A, C). In βCat10 mutant lenses at E13.5, staining for
E-cadherin (Fig. 4B) was reduced in epithelial cells. At higher
magniﬁcation the mutant epithelial cells were no longer arranged
as a simple cuboidal epithelium as in the wild-type (Fig. 4A inset)
but appeared as rounded cells that had lost their regular
arrangement with neighbouring cells (Fig. 4B inset). By E14.5,
while some epithelial-like cells were still present, reactivity for
E-cadherin (Fig. 4D) was virtually absent.
A key lens epithelial marker is the transcription factor, Pax6.
Consistent with previous studies Pax6 was detected in nuclei of wild-
type epithelial cells and diminished as ﬁber cells differentiate (Fig. 4E).
In βCat10 lenses (Fig. 4F), Pax6 reactivity in the epithelium was
decreased both in intensity and extent, with signiﬁcant gaps present
in the epithelial monolayer.
Disruption of ﬁber cell marker expression in βCat10 lenses
As ﬁber cell differentiation also appeared to be abnormal in βCat10
lenses, we examined the expression of the ﬁber-speciﬁc marker, β-
crystallin. In wild-type lenses at E14.5 (Fig. 5A) and P1 (not shown) β-
crystallin reactivity was found only in ﬁber cells. Expression was
initiated below the equator, in the transitional zone, as cells start to
elongate and differentiate into ﬁber cells, as described previously (de
Iongh et al., 2001; Lovicu andMcAvoy, 2001; McAvoy, 1978). In βCat10
Fig. 4. Loss of epithelial markers, E-cadherin and Pax6, in βCat10 lenses. E-cadherin (A–
D) and Pax6 (E, F) in βCat39 (A), wild-type (C, E) and βCat10 (B, D, F) eyes at E13.5 (A, B,
E, F) and E14.5 (C, D). (A) In βCat39 lenses at E13.5 there was a wild-type pattern of E-
cadherin localization, with distinct reactivity in epithelial cells but not in ﬁber cells
below the equator (dashed line). Boxed area of the epithelium is magniﬁed in the inset.
(B) In E13.5 βCat10 lenses there was reduced reactivity for E-cadherin in the disrupted
epithelial monolayer. Inset. Higher magniﬁcation of boxed region shows the rounded
shape of epithelial cells and abnormal arrangement. (C)Wild-type pattern of E-cadherin
in lenses at E14.5. (D) E-cadherin expressionwas virtually absent in the βCat10 lenses at
E14.5. (E). Wild-type Pax6 expression at E13.5, showing predominantly epithelial
expression, which diminishes in differentiating ﬁbers below the equator (dashed line).
(F) In βCat10 lenses, Pax6 expression is markedly reduced, with only weak nuclear
reactivity detected in residual epithelial cells (arrowhead). Scale bar: 100 μm (A–E);
50 μm (F); 30 μm (insets).
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similar position in the transitional zone, there was dramatically
reduced reactivity in differentiating ﬁbers (Fig. 5B). Similar decreased
β-crystallin reactivity was detected in P1 βCat10 lenses (data not
shown). However, no changeswere detected inα-crystallin expression
in P2 BCat10 lenses (Fig. 5M) compared to Wt (Fig. 5L).
Another marker that is associated with ﬁber cell differentiation is
p57Kip2, a cyclin-dependant kinase inhibitor that is expressed as lens cells
exit the cell cycle and initiate ﬁber differentiation (Lovicu and McAvoy,
1999). Inwild-type lenses at E14.5, nuclear reactivity for p57Kip2wasﬁrst
detected in cells at the equator and extended into the cortical ﬁber cells;
as ﬁbers undergo terminal differentiation, reactivity decreased (Figs. 5C,
E). However, in βCat10 lenses, p57Kip2 was detected in epithelial cells
above the lens equator (Figs. 5D, F). In the ﬁbers of these lenses, p57Kip2
reactivity appeared to persist more strongly in terminally differentiated
ﬁbers (Fig. 5D) than in wild-type (Fig. 5C).
As the decreased levels of β-crystallin and premature cell cycle exit
of epithelial cells suggested defects of lens ﬁber cell differentiation,
we examined the expression of two transcription factors required for
ﬁber differentiation, c-Maf (Ring et al., 2000) and Prox1 (Wigle et al.,
1999). In wild-type lenses, c-Maf was detected weakly in the
epithelium and increased as ﬁbers initiate differentiation below the
equator (Fig. 5G). However, in βCat10 lenses, prominent nuclear c-Maf
reactivity was detected in anterior epithelial cells and increased
reactivity was detected in ﬁber cells (Fig. 5H). Staining for Prox1 was
similar between wild-type and βCat10 lenses, weakly cytoplasmic in
epithelial cells but prominently nuclear in ﬁber cells (Figs. 5J, K).These data indicate that in the absence of β-catenin, epithelial cells
prematurely exit the cell cycle and that there is disruption of ﬁber
differentiation markers β-crystallin and c-Maf.
Disrupted cell cycle in βCat10 lenses
The abnormal expression of p57Kip2, combined with the apparent
loss of epithelial cells during lens differentiation suggested a defect of
lens epithelial cell proliferation and cell cycle progression. To
investigate this further we examined markers for different stages of
the cell cycle at E13.5 in wild-type, βCat39 and βCat10 lenses. BrdU
incorporation was used to assess entry of cells into S phase, entry of
cells into M phase was assessed using a PH3 antibody and G1–S phase
transition was examined using a cyclin D1 antibody.
In E13.5 embryos, there were distinct and signiﬁcant decreases in
thenumbers of BrdU+ (Figs. 6D–F,M) andPH3+ (Figs. 6G–I, N) cells in the
epithelium of βCat10 lenses compared to βCat39 and wild-type lenses.
In both wild-type and βCat39 lenses there were numerous BrdU+ cells
scattered throughout the epithelium (Figs. 6D, E). However, in βCat 10
lenses, only occasional BrdU+ cells were found in peripheral regions of
the epithelium near the equator (Fig. 6F). Similarly, cells in M phase of
the cell cycle (PH3+) were regularly found throughout the epithelium of
wild-type and βCat39 lenses (Figs. 6G, H) but were rarely found in
βCat10 lenses (Fig. 6I). Quantiﬁcation of BrdU+ andPH3+ cells in sections
showed a signiﬁcant (pb0.05, Student's t-test) decrease in percentage
of proliferating cells in βCat10 lenses compared to wild-type and
βCat39 lenses (Figs. 6M, N). Cyclin D1, which is a putative target of the
Wnt signaling pathway, was localized in epithelial nuclei of wild-type
lenses (Fig. 6J), with most intense staining detected in equatorial
regions and early differentiating ﬁbers. In more mature differentiated
ﬁbers of wild-type lenses, reactivity for cyclin D1 was down-regulated
and usually absent fromnuclei of centralﬁbers (Fig. 6J). Similar patterns
of epithelial cyclin D1 reactivity were encountered in βCat39 lenses.
However, cyclin D1 reactivity appeared to persist in central differ-
entiated ﬁbers (Fig. 6K). In βCat10 lenses, virtually no cyclin D1
reactivity could be detected in anterior epithelial cells, yet in
differentiatingﬁber cells below the equator therewas intense reactivity,
which persisted in more mature differentiated ﬁbers (Fig. 6L).
Loss of β-catenin does not lead to apoptosis in βCat10 lenses
To determine whether loss of β-catenin resulted in cell death, we
used TUNEL reaction to localize apoptotic nuclei in sections from E13.5
and P21 lenses. Consistentwith previous studies noTUNEL+ nuclei were
detected inwild-type lenses at E13.5 (Fig. 7D). Surprisingly, no apoptotic
nuclei were detected in either βCat39 or βCat10 lenses (Figs. 7E, F). By
contrast numerous TUNEL+ cellswere detected in developing retina (not
shown) and also in cornea and iris cells that overlie the lens.
Examination of lenses at older ages (P21) showed similar results.
While several TUNEL+ clumps of cells, which derived from the overlying
iris, were detected in the superﬁcial layer of the disrupted lens, no
apoptotic nuclei were detected within the rest of the lens (not shown).
Disrupted cell adhesion complexes in βCat10 and βCat39 lenses
As might be expected, given its structural and adhesive, as well as
signaling functions (Perez-Moreno and Fuchs, 2006), deletion of β-
catenin in the whole lens (βCat10) resulted in abnormal ﬁber cell
differentiation, characterized morphologically by poor elongation and
disruption of their normally highly aligned organization. Thus it was
surprising to ﬁnd that deletion of β-catenin in ﬁber cells only (βCat39)
resulted in no apparent disruption of ﬁber cell organization.
To investigate adherens junction integrity in wild-type and mutant
lenses, we examined actin cytoskeleton and N-cadherin localization in
differentiating ﬁbers. N-cadherin has previously been shown to be
expressed in both epithelial andﬁber cells during lensdifferentiation (Xu
Fig. 5.Disrupted expression ofﬁber cell markers inβCat10 lenses.β-crystallin (A, B), p57Kip2 (C–F), c-Maf (G, H), Prox-1 (J, K),α-crystallin (L,M) andHoechst nuclear staining (C–F, L,M)
in wild-type (A, C, E, G, J, L) and β Cat10 (B, D, F, H, K, M) lenses at E14.5 (A–F), E13.5 (G–K) and at P2 (L, M). (A) In wild-type lens, strong β-crystallin expression is initiated in
differentiating ﬁbers (arrow) below the equator (dashed line). The staining in the anterior chamber and in the developing vitreous space near the optic cup is artefact that occurs
commonly due to non-speciﬁc reactivity. (B) Inβ Cat10 lens, β-crystallin expression is weaker but initiated in a similar pattern (arrow). (C, E) p57Kip2 expression is normally initiated in
wild-type epithelial cells (arrowhead) at the lens equator (dashed line) as they exit the cell cycle and commence ﬁber differentiation. (D, F) In βCat10 lenses, initiation of p57Kip2
expression is shifted anteriorly in the epithelium (arrowhead) and persists more strongly in differentiated ﬁbers (arrow). (G) Nuclear c-Maf is detected in wild-type ﬁber cells once
differentiation is initiated (arrowhead). (H) In βCat10 lenses c-Maf is present in anterior epithelial cells (arrowhead) as well as in ﬁber cells. (J) In wild-type lenses, Prox-1 is weakly
detected in cytoplasmof anterior epithelial cells and becomes up-regulated and predominantly nuclear asﬁber cells differentiate (arrowhead). (K) InβCat10 lenses, a similar pattern of
Prox-1 is detectedwithweak expression in epithelial cells (arrow) and elevated expression in differentiating ﬁbers (arrowhead). Scale bar (in K): 100 μm (A–D, G–K); 40 μm (E, F, L, M).
427S. Cain et al. / Developmental Biology 321 (2008) 420–433et al., 2002). Moreover, during lens ﬁber differentiation, N-cadherin
becomes increasingly associated with the cytoskeleton as shown by
detergent extraction studies (Bagchi et al., 2002; Leong et al., 2000).
The antigen recognized by the N-cadherin antibody was not
detectable in parafﬁn, formalin-ﬁxed, antigen-retrieved sections and
required the use of frozen sections. However, in paraformaldehyde-
ﬁxed frozen sections, non-speciﬁc staining was observed in lens
capsule with non-immune serum and secondary antibody (Fig. 8A). In
wild-type lenses at E13.5, speciﬁc and distinct reactivity for N-
cadherin was detected along lateral ﬁber cell membranes and near
the apical surfaces of epithelial and ﬁber cells (Fig. 8B). Phalloidin
staining for F-actin revealed strong staining of apical domains in
epithelial and ﬁber cells, with weaker staining in cytoplasm and basal
regions of ﬁbers (Fig. 8C). In ﬁbers, this apical localization was clearly
evident as a line of continuous staining along the inner face of the
lens vesicle (Fig. 8C). Merged images revealed co-localization of N-
cadherin and F-actin, particularly at apical membrane domains (Fig.
8D). In βCat10 lenses, there was increased reactivity for N-cadherin,
throughout the lens, particularly concentrated along the basal
membrane complex (Fig. 8E). Phalloidin staining for F-actin in these
lenses revealed a distinct redistribution of actin ﬁlaments in the ﬁber
cells, with decreased or absent staining in apical domains but
increased staining in basal membrane domains (Fig. 8F). Merged
images show that in many areas there was reduced co-localization of
N-cadherin and F-actin in these ﬁber cells (Fig. 8G). Confocal
microscopy of the basolateral membrane domains of the ﬁber cells
in wild-type lenses show that almost all N-cadherin is co-localized
with F-actin in basolateral complexes (Fig. 8H). Similar co-localizationwas found in βCat39 lenses, with only occasional ﬁber cells showing
N-cadherin staining, not associated with F-actin (Fig. 8I). However, in
βCat10 lenses there was increased dissociation of N-cadherin from F-
actin staining in almost all ﬁber cells (Fig. 8J) evident as green
ﬂuorescence independent of red staining actin.
Tight junctions are important cell–cell junctions that reﬂect the
polarity of both epithelial and ﬁbre cells (Shin et al., 2006). To
determine whether these junctions were affected in mutant lenses
we examined the localization of the tight junction protein, ZO1.
Similar to previous studies, ZO-1 is intensely localized to the
epithelial-ﬁber cell interface in wild-type lenses, with weaker
punctate reactivity visible along ﬁber cells (Fig. 9A). In βCat39 lenses
(Fig. 9B), the reactivity at the epithelial-ﬁber cell interface was still
detectable but appeared weaker. In βCat10 lenses (Figs. 9C, D), there
was marked loss of reactivity at the disrupted epithelial-ﬁber cell
interface, with increased staining in abnormal ﬁber cells. Abnormal
intense accumulations of ZO-1 were evident in the ﬁber mass,
suggesting formation of tight junctions between the abnormally
differentiating ﬁber cells (Fig. 9D).
Evidence for altered cell polarity was also suggested by abnormal
accumulations of PAS+ material in the ﬁbers of E14.5 lenses (Figs. 2I,
J). To conﬁrm that this PAS+ material was extracellular matrix, we
examined the localization of extracellular matrix components
(laminin and collagen IV) in E13.5 lenses. Collagen IV is expressed
by the epithelial cells and is detected in the lens capsule of wild-type
lenses (Fig. 9E). In βCat10 lenses, the reactivity for collagen IV was
decreased in epithelial cells and increased reactivity was detected in
the ﬁber cell mass in a similar pattern to the distribution of PAS+
Fig. 6.Disrupted cell cycle in the epithelium of βCat10 lenses.Wild-type (A, D, G, J), βCat 39 (B, E, H, K) and βCat10 (C, F, I, L) lenses at E13.5 stained with Hoechst dye to label nuclei (A–
C); BrdU to label S phase (D–F); PH3 to label M phase (G–I); and cyclin D1 to label G1–S transition (J–L). In wild-type and βCat39 lenses, BrdU+, PH3+ and cyclinD1+ cells are present
throughout the anterior epithelium (arrows). However, in βCat10 lenses there is a marked decrease in cells cycling through G1–S, S and M phases of the cell cycle (L, F, I). Cyclin D1
disappears fromwild-type ﬁber nuclei (*) as they differentiate (J, red arrowheads), but persists in ﬁber nuclei of βCat39 and βCat10 lenses (red arrowheads K, L). (M, N) Quantiﬁcation
of BrdU+ and PH3+ cells (mean±SE) shows signiﬁcant reduction in number of epithelial cells in S and M phase respectively in βCat10 but not in βCat39 lenses. ⁎ indicates statistically
signiﬁcant (pb0.05) difference from Wt by Student's t-test. Scale bar: 100 μm.
428 S. Cain et al. / Developmental Biology 321 (2008) 420–433material (Fig. 2J) and along the posterior capsule (Fig. 9F). Similar
results were found with laminin (not shown).
Discussion
Numerous studies have shown that the basal (−282/+43) αA-
crystallin promoter drives expression of transgenes only in lens ﬁber
cells (Chen et al., 2000, 2004a; de Iongh et al., 2001; Lovicu and
Overbeek, 1998; Reneker and Overbeek, 1996). Insertion of the lens
speciﬁc Pax6 enhancer into this promoter additionally drives expres-
sion of transgenes into the lens epithelial compartment (Zhao et al.,2004). The use of these promoters to drive Cre recombinase
expression in different lens compartments in two different lines of
transgenic mice (Zhao et al., 2004) has generated useful tools with
which to dissect the function of genes in lens differentiation,
particularly in epithelial versus ﬁber cell compartments.
β-Catenin has different roles in epithelial and ﬁber cell compartments of
the lens
Using these two Cre lines we have shown that loss of β-catenin
has differential effects on lens epithelial and ﬁber cells. Ablation of
Fig. 7. Loss of β-catenin does not result in widespread apoptosis. Wild-type (A, D), βCat39 (B, E) and βCat10 (C, F,) lenses at E13.5 stained with Hoechst dye to label cell nuclei (A–C),
and TUNEL (D–F) to label apoptotic cells. While occasional TUNEL+ nuclei were detected in cornea (E, F arrow) and retina (F, arrowhead) of βCat39 and βCat10 eyes at E13.5, noTUNEL+
nuclei were detected in lens. The brightly ﬂuorescent red blood cells, outside the lens are an artefact. Scale bar: 50 μm.
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abnormal lens differentiation and reduction in lens size by postnatal
stages. By contrast, deletion of β-catenin in differentiating ﬁber cells
of the lens cortex and nucleus (βCat39) appears to have no effect on
lens development, suggesting that β-catenin function is redundant
in differentiated ﬁbers, but is required in epithelial and early
differentiating ﬁber cells of the transitional zone. Similar differ-
entiation stage-speciﬁc effects for β-catenin have been found in
epithelia of developing pancreas (Murtaugh et al., 2005) and lung
(Mucenski et al., 2003).
Effects on proliferation and early ﬁber differentiation implicate Wnt
signals
The lens phenotype in βCat10 mice is characterized by epithelial
cell depletion and aberrant ﬁber cell differentiation This was
conﬁrmed using markers of lens epithelial (E-cadherin, Pax6 and c-
Myc) and ﬁber (β-crystallin, c-Maf, p57Kip2) cells at E13.5, the stage at
which there is complete loss of β-catenin protein. The loss of epithelial
cells and anterior shift of p57Kip2 expression suggested abnormal cell
cycle regulation. Analysis of cell cycle markers for G1–S phase
transition (cyclin D1), S phase (BrdU) and M phase (PH3) showed
that loss of epithelial cells was due to cell cycle disruption, most likely
at G1–S transition.
Disruption of epithelial cell cycle, cell fate as well as altered
expression of a known target of the Wnt/β-catenin pathway (cyclin
D1) at E13.5 suggests inhibition of Wnt/β-catenin signaling. These
effects do not seem to be due to loss of adherens junctions as loss of E-
cadherin in embryonic lenses (Pontoriero et al., 2007) results in a
different phenotype, characterized by postnatal loss of epithelial cells
and abnormal ﬁber differentiation and cell polarity. Consistent with
the notion that Wnt signals are disrupted, in vitro studies using lens
epithelial explants (Lyu and Joo, 2004) have shown that Wnt3a-
conditioned medium stimulates lens epithelial cell proliferation and
induces expression of βB2-crystallin and p57Kip2 in the presence of
FGF2. Moreover, the period of β-catenin deletion in these lenses(E12.5–13.5) coincides with Wnt/β-catenin signaling activity in lens
epithelium (Liu et al., 2003, 2006). Moreover, the phenotype of βCat10
mice is similar to the lens phenotype of Lrp6−/− mice, which showed a
loss of anterior epithelial cells, abnormal lens capsule and disrupted
ﬁber differentiation (Stump et al., 2003) at E13.5. While the Lrp6−/−
phenotype was variable, the most severe cases showed decreased
staining for β-crystallin and complete absence of epithelial cells. The
variability of the lens phenotype in Lrp6−/−mice, which was attributed
to functional redundancy with Lrp5 (Stump et al., 2003), suggests
there are thresholds of Wnt signals that regulate the lens epithelium
and ﬁber differentiation.
The ﬁndings suggest that loss of β-catenin, via Wnt signaling,
affects expression of key transcription factors that determine lens cell
fate. In lens epithelium, Wnt signals appear to promote Pax6
expression. Consistent with this, loss of Pygopus-1, which functions
in the Wnt signal pathway, results in diminished Pax6 expression in
lens placode (Song et al., 2007). By contrast, Wnt signals in lens
epithelium appear to repress c-Maf expression. It is unclear whether
this is a direct effect of Wnt signals or indirect due to reduced Pax6
levels, as it has been speculated that c-Maf is a direct target for Pax6
(Cvekl and Duncan, 2007). In ﬁbers there appeared to be no major
effects on c-Maf expression, possibly because Pax6 is already down-
regulated in differentiating ﬁbers or c-Maf expression is regulated by
other factors such as FGFs (Govindarajan and Overbeek, 2001; Kurose
et al., 2005). c-Maf is involved in regulating β-crystallin expression
(Ring et al., 2000), yet in contrast to the diminished expression of β-
crystallin in βCat10 lenses, the levels of c-maf seem to be similar or
increased in ﬁbers. This suggests that Wnt signals may regulate β-
crystallin independent of c-Maf.
A surprising ﬁnding in this study was that loss of β-catenin did
not result in apoptosis of epithelial or ﬁber cells, particularly as
previous studies have indicated that loss of β-catenin in brain (Brault
et al., 2001; Junghans et al., 2005) and lung (Mucenski et al., 2003)
results in apoptosis. Similarly, disruption of cell cycle in lens results
in apoptosis (Chen et al., 2002, 2004a; Morgenbesser et al., 1995;
Nguyen et al., 2002). While signaling via various growth factors such
Fig. 8. Disrupted actin and N-cadherin localization in βCat10 ﬁbers. N-cadherin (B, E), actin (C, F) and their co-localization (D, G, H-J) in wild-type (B–D, H), β Cat10 (E–G, J) and in β
Cat39 (I) lenses at E13.5. (A) Non-immune serum non-speciﬁcally labeled lens capsule and overlying cornea in paraformaldehyde-ﬁxed frozen sections. (B, C) In wild-type
lenses, N-cadherin and F-actin were concentrated at apical margins of epithelial (small arrowheads) and ﬁber (large arrowheads) cells, but were also detectable along lateral
membranes and basolateral margins of ﬁber cells (arrow), where epithelial and ﬁber cells abut the lens capsule. (D) Merged image shows co-localization of N-cadherin and
F-actin. (E) In βCat10 lenses, there was increased staining for N-cadherin in epithelial and ﬁber cells, particularly along basal surfaces of ﬁber cells (arrow). The reduced
non-speciﬁc staining of lens capsule is consistent with capsule deﬁciency in these lenses. (F) F-actin staining was altered in βCat10 mutant with loss of staining in areas of
the apical junctional complex (arrowhead) and increased staining along basolateral surfaces of the ﬁbers (arrow). (G) Merged image shows a shift of F-actin and N-cadherin to
basal junctional complex of ﬁber cells (arrow) and increased dissociation of F-actin and N-cadherin co-localization (arrowheads). (H) High power confocal image of basolateral
domains of ﬁbers in wild-type lens show N-cadherin and F-actin are co-localized. (I) In βCat39 lenses, the basal ﬁber complex has increased F-actin staining and there are
occasional cells showing dissociation of actin and cadherin staining (arrowheads). (J) In βCat10 lenses, there is increased F-actin in the basal ﬁber membrane complex and
marked dissociation of actin and cadherin staining (arrowheads). Scale bar: 100 μm (A–G); 30 μm (H–J).
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and Sailaja, 2004) and LEDGF (Ganapathy et al., 2003; Shinohara et
al., 2002), via Ras (Xie et al., 2006) and/or PI3K/Akt (Chandrasekher
and Sailaja, 2004; Xie et al., 2006) pathways, have been implicated in
lens cell survival, the mechanisms that maintain cell survival in
βCat10 lenses are not clear.
Loss of β-catenin affects cell junctions during early but not terminal ﬁber
differentiation
Wnt signals are known to regulate stem or progenitor cells in
intestinal crypts (vandeWetering et al., 2002) andbrain (Zechner et al.,
2003). However, Wnt/β-catenin signals also regulate differentiation of
various tissues such as brain (Braun et al., 2003; Zechner et al., 2003),
bone (Glass and Karsenty, 2006), lung (Shu et al., 2005) and peripheral
retina (Cho and Cepko, 2006). The results presented here suggest that
β-catenin plays roles in regulating lens stem/progenitor cells and
initial differentiation of lens ﬁber cells. Comparison of gene deletion
patterns in βCat10 and βCat39 lenses indicates that effects on
embryonic lens development arise only when β-catenin is perturbedin the epithelium and transitional zone. However, loss of β-catenin in
differentiating ﬁber cells may also have an effect on terminal ﬁber
differentiation or structure as βCat39 lenses develop opacities later in
life (∼8weeks of age). That this phenotype occurs late in development
is somewhat surprising, given that β-catenin is discretely localized to a
speciﬁc domain of the lateral ﬁber membrane as part of the cortex
adherens (Straub et al., 2003). In embryonic lenses from this line, there
was negligible disruption of adhesion complexes in ﬁber cells, with N-
cadherin and F-actin being co-localized at the membrane. By contrast,
deletion of β-catenin in epithelial and transitional zone cells of βCat10
lenses resulted in gross disruption of adherens junctions as evidenced
by dissociation of N-cadherin and F-actin. Together these data suggest
that β-catenin is required during establishment, but not maintenance,
of the cortex adherens in terminally differentiated ﬁbers. It is possible
that other catenins such as γ-catenin or p120ctn, which are detectable
in cortex adherens (Franke et al.,1987; Straub et al., 2003), compensate
for β-catenin loss in differentiated ﬁber cells. Indeed, such compensa-
tion by γ-catenin appears to occur in β-catenin-deﬁcient cardiomyo-
cytes (Zhou et al., 2007). Whether these junctions subsequently
become unstable and cause lens opacity remains to be determined.
Fig. 9. Disrupted apico-basal cell polarity in βCat10 lenses. Localization of ZO-1 (A–D)
and collagen IV (E, F) in wild-type (A, E), βCat39 (B) and βCat10 (C, D, F) lenses at E13.5.
(A) Intense punctate staining for ZO-1 is found at the epithelial-ﬁber cell interface
(arrows), with weaker ﬁne punctate staining found in the lens ﬁber cells (arrowheads).
(B) A similar, albeit weaker, pattern of reactivity was detected in βCat39 lenses. (C, D) In
βCat10 lenses there is dramatically reduced ZO-1 reactivity at the epithelial-ﬁber cell
interface (arrows) but increased reactivity in the ﬁber cells (arrowheads), with groups
of abnormal ﬁbers forming extensive tight junctions in the centre of the lens (⁎). The
large spherical clumps of reactivity are artefact due to the secondary antibody. (E)
Collagen IV is a basement membrane protein produced by epithelial cells (arrowheads)
and deposited in the lens capsule of wild-type lenses. (F) In βCat10 lenses there is
reduced reactivity in epithelial cells (arrowheads) and abnormal reactivity in ﬁber cells
(arrow). Dashed line indicates the lens equator. Scale bar: 30 μm (A–D); 100 μm (E, F).
Fig. 10. A model summarizing current knowledge of how β-catenin, either via Wnt/β-
catenin signaling or via adherens junctions, may function to regulate lens development.
(A) During lens induction, Wnt signals inhibit speciﬁcation of lens from ectoderm;
repression of the pathway by endogenous expression Sfrp2 (or by experimental loss of
β-catenin) results in lens speciﬁcation. Lens induction also requires FGF and BMP
signals. During lens morphogenesis, β-catenin is required during lens vesicle formation.
(B) During lens differentiation, Wnt/β-catenin signals appear to regulate a lens
progenitor cell, which in turn affects ﬁber cell differentiation. HowWnt signals interact
with other growth factors known to regulate lens cell proliferation and differentiation
(eg. FGF and BMPs) is unclear. β-catenin also appears to play key structural roles in
adherens junctions of epithelial cells and during early stages of ﬁber differentiation but
appears dispensable during terminal ﬁber differentiation.
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tion of cell adhesion junctions in βCat39 lenses.
Interestingly, other mutations that affect actin dynamics or
arrangement and thus impact adhesion complexes also have effects
on lens development. The Abl-interactor protein, Abi2, co-localizes
with β-catenin in lens adherens junctions and null mutation of
Abl2 results in abnormal orientation of ﬁber cells, orthogonal to an
abnormal lens capsule, which ruptures postnatally (Grove et al.,
2004). No effects on epithelial cell cycle were noted, but the effects
on the ﬁber cells have similarities to the ﬁber phenotype of βCat10
lenses. Similar disruption of ﬁber differentiation and lens capsule
has been described in mice that express the Rho GTPase inhibitor,
C3 exoenzyme (Clostridium botulinum), in lens ﬁbers (Maddala et al.,
2004; Rao et al., 2002). Together these data suggest that adhesion
complexes, involving β-catenin are essential during early ﬁber
differentiation and elongation.
A prominent feature of βCat10 lenses was increased deposition of
PAS stained material in the ﬁber mass, suggesting abnormal deposi-
tion of extracellular matrix proteins. This was also evidenced by the
presence of collagen IV and laminin within the ﬁber mass and a
deﬁcient lens capsule, with abnormal penetration of blood vessels into
the lens. Together with redistribution of the subapical cortical F-actin
network to basal complexes in ﬁber cells, these results suggest
disrupted apico-basal polarity. Consistent with this, there is disruption
of ZO-1 localization in BCat10 lenses. ZO-1 is proposed to physically
bridge tight junctions (TJ) and adherens junctions (AJ), by binding toα-catenin and is required for formation of AJ during epithelial
polarization (Hartsock and Nelson, 2008). Conversely, E-cadherin in
adherens junctions is required for formation (but not maintenance) of
TJ and establishment of apico-basal polarity in epithelial cells in vitro
(Capaldo and Macara, 2007). The results presented here suggest that
loss of β-catenin, with concomitant loss of E-cadherin, affects TJ
organization in the lens.
Involvement of β-catenin and Wnt signals at various stages of lens
development
Recent studies have implicated repression of canonicalWnt signals in
the speciﬁcation of lens from ectoderm and the adhesive function of β-
catenin in early morphogenesis of the lens vesicle (Kreslova et al., 2007;
Smith et al., 2005). Using Le-Cre mice (Ashery-Padan et al., 2000), which
targets Cre to presumptive lens and head ectoderm, it was shown that
activation ofWnt/β-catenin signaling inhibits lens speciﬁcation, whereas
loss of β-catenin resulted in ectopic lentoid formation in periocular
ectoderm (Fig. 10). While β-catenin loss did not affect the fate of already
speciﬁed lens ectoderm it did affect subsequent invagination and
formation of the lens vesicle, by affecting adhesion complexes and actin
ﬁlamentorganization (Smith et al., 2005). Similar approaches byKreslova
et al. (2007), using a concatamer of the Pax6 enhancer element to drive
Cre expression showed similar effects on speciﬁcation of lens from head
ectoderm and on early lens morphogenesis. These workers also used the
nestin-Cre to delete β-catenin in the lens epithelium from E12.5 to
determine whether there was a role for β-catenin during later stages of
lens development. While they showed a moderately abnormal lens at
E15.5, there appeared to be no signiﬁcant effects on lens differentiation
markers. However, the nestin-Cre in this study appears not to have been
totally efﬁcient at deleting β-catenin and it is likely that the moderate
phenotype and lack of changes in markers may be due to a signiﬁcant
proportion of lens epithelial cells retaining β-catenin function. The
current study, using MLR10 and MLR39 mice, has demonstrated highly
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to be active (E12.5–E13.5). The data suggest thatWnt/β-catenin signaling
plays a role in regulating lens epithelial stem/progenitor cells and also
early ﬁber differentiation (Fig.10). β-catenin also appears to have distinct
roles in cell adhesion during early morphogenesis of lens vesicle from
lens pit (Kreslova et al., 2007; Smith et al., 2005) and subsequently during
early phases of ﬁber differentiation.
In summary, this study has demonstrated that β-catenin is
required for proliferation of lens progenitor cells and their subsequent
differentiation into lens ﬁber cells. While many effects of β-catenin
appear to be via Wnt signaling, it is also essential in cell adhesions in
lens epithelial cells and differentiating ﬁber cells, affecting cell
polarity. Surprisingly, in ﬁber cells that have already commenced
differentiation, β-catenin appears to be dispensible. In these cells,
there appears to be no requirement for β-catenin in Wnt signaling or
in their specialized adherens junctions, the cortex adherens. Overall,
the data indicate that β-catenin is essential for lens development, both
as a transcriptional activator in the Wnt pathway and as a component
of adhesion junctions.
Acknowledgments
The authors thank undergraduate students,Matthew Sumand Tricia
Lo-Liang, who assisted with quantiﬁcation of cell proliferation. This
work was funded by an NHMRC grant (400174) and a Retina Australia
grant to RdeI and H.A. We also acknowledge ﬁnancial assistance from
the Rebecca L Cooper Research Foundation for equipment.
References
Ang, S.J., et al., 2004. Spatial and temporal expression ofWnt and Dickkopf genes during
murine lens development. Gene Expr. Patterns 4, 289–295.
Ashery-Padan, R., et al., 2000. Pax6 activity in the lens primordium is required for lens
formation and for correct placement of a single retina in the eye. Genes Dev. 14,
2701–2711.
Backman, M., et al., 2005. Effects of canonical Wnt signaling on dorso-ventral
speciﬁcation of the mouse telencephalon. Dev. Biol. 279, 155–168.
Bagchi, M., et al., 2002. Associated proteins of lens adherens junction. J. Cell. Biochem.
86, 700–703.
Beebe, D., et al., 2004. Contributions by members of the TGFbeta superfamily to lens
development. Int. J. Dev. Biol. 48, 845–856.
Belecky-Adams, T.L., et al., 2002. Bone morphogenetic protein signaling and the
initiation of lens ﬁber cell differentiation. Development 129, 3795–3802.
Brault, V., et al., 2001. Inactivation of the beta-catenin gene by Wnt1-Cre-mediated
deletion results in dramatic brain malformation and failure of craniofacial
development. Development 128, 1253–1264.
Braun, M.M., et al., 2003. Wnt signaling is required at distinct stages of development for
the induction of the posterior forebrain. Development 130, 5579–5587.
Capaldo, C.T., Macara, I.G., 2007. Depletion of E-cadherin disrupts establishment but not
maintenance of cell junctions in Madin–Darby canine kidney epithelial cells. Mol.
Biol. Cell 18, 189–200.
Cattelino, A., et al., 2003. The conditional inactivation of the beta-catenin gene in
endothelial cells causes a defective vascular pattern and increased vascular fragility.
J. Cell Biol. 162, 1111–1122.
Chandrasekher, G., Sailaja, D., 2004. Phosphatidylinositol 3-kinase (PI-3K)/Akt but not
PI-3K/p70 S6 kinase signaling mediates IGF-1-promoted lens epithelial cell
survival. Invest. Ophthalmol. Vis. Sci. 45, 3577–3588.
Chen, Q., et al., 2000. Induction of cell cycle entry and cell death in postmitotic lens ﬁber
cells by overexpression of E2F1 or E2F2. Invest. Ophthalmol. Vis. Sci. 41, 4223–4231.
Chen, Q., et al., 2002. Inhibition of crystallin expression and induction of apoptosis by
lens-speciﬁc E1A expression in transgenic mice. Oncogene 21, 1028–1037.
Chen, Q., et al., 2004a. Distinct capacities of individual E2Fs to induce cell cycle re-entry
in postmitotic lens ﬁber cells of transgenic mice. Dev. Neurosci. 26, 435–445.
Chen, Y., et al., 2004b. Expression of Frizzleds and secreted frizzled-related proteins
(Sfrps) during mammalian lens development. Int. J. Dev. Biol. 48, 867–877.
Cho, S.H., Cepko, C.L., 2006. Wnt2b/beta-catenin-mediated canonical Wnt signaling
determines the peripheral fates of the chick eye. Development 133, 3167–3177.
Cvekl, A., Duncan, M.K., 2007. Genetic and epigenetic mechanisms of gene regulation
during lens development. Prog. Retin. Eye Res. 26, 555–597.
de Iongh, R.U., et al., 2001. Requirement for TGFbeta receptor signaling during terminal
lens ﬁber differentiation. Development 128, 3995–4010.
de Iongh, R.U., et al., 2006. WNT/Frizzled signaling in eye development and disease.
Front Biosci. 11, 2442–2464.
Faber, S.C., et al., 2002. Bmp signaling is required for development of primary lens ﬁber
cells. Development 129, 3727–3737.
Franke, W.W., et al., 1987. Plakoglobin is a component of the ﬁlamentous subplasma-
lemmal coat of lens cells. Eur. J. Cell Biol. 43, 301–315.Ganapathy, V., et al., 2003. LEDGF/p75: a novel nuclear autoantigen at the crossroads of
cell survival and apoptosis. Autoimmun. Rev. 2, 290–297.
Garcia, C.M., et al., 2005. Signaling through FGF receptor-2 is required for lens cell
survival and for withdrawal from the cell cycle during lens ﬁber cell differentiation.
Dev. Dyn. 233, 516–527.
Glass 2nd, D.A., Karsenty, G., 2006. Canonical Wnt signaling in osteoblasts is required
for osteoclast differentiation. Ann. N. Y. Acad. Sci. 1068, 117–130.
Govindarajan, V., Overbeek, P.A., 2001. Secreted FGFR3, but not FGFR1, inhibits lens ﬁber
differentiation. Development 128, 1617–1627.
Grove, M., et al., 2004. ABI2-deﬁcient mice exhibit defective cell migration, aberrant
dendritic spinemorphogenesis, and deﬁcits in learning andmemory. Mol. Cell. Biol.
24, 10905–10922.
Hari, L., et al., 2002. Lineage-speciﬁc requirements of beta-catenin in neural crest
development. J. Cell Biol. 159, 867–880.
Hartsock, A., Nelson, W.J., 2008. Adherens and tight junctions: structure, function and
connections to the actin cytoskeleton. Biochim. Biophys Acta 1778, 660–669.
Huelsken, J., et al., 2001. Beta-catenin controls hair follicle morphogenesis and stem cell
differentiation in the skin. Cell 105, 533–545.
Jasoni, C., et al., 1999. Analysis of chickenWnt-13 expression demonstrates coincidence
with cell division in the developing eye and is consistent with a role in induction.
Dev. Dyn. 215, 215–224.
Junghans, D., et al., 2005. Beta-catenin-mediated cell-adhesion is vital for embryonic
forebrain development. Dev. Dyn. 233, 528–539.
Kreslova, J., et al., 2007. Abnormal lens morphogenesis and ectopic lens formation in the
absence of beta-catenin function. Genesis 45, 157–168.
Kurose, H., et al., 2005. FGF19-FGFR4 signaling elaborates lens inductionwith the FGF8-
L-Maf cascade in the chick embryo. Dev. Growth Differ. 47, 213–223.
Lang, R.A., 2004. Pathways regulating lens induction in the mouse. Int. J. Dev. Biol. 48,
783–791.
Leong, L., et al., 2000. Differential expression of N- and B-cadherin during lens
development. Invest. Ophthalmol. Vis. Sci. 41, 3503–3510.
Lickert, H., et al., 2002. Formation of multiple hearts in mice following deletion of beta-
catenin in the embryonic endoderm. Dev. Cell 3, 171–181.
Litsiou, A., et al., 2005. A balance of FGF, BMP and WNT signalling positions the future
placode territory in the head. Development 132, 4051–4062.
Liu, H., et al., 2003. Characterization of Wnt signaling components and activation of the
Wnt canonical pathway in the murine retina. Dev. Dyn. 227, 323–334.
Liu, H., et al., 2006. Mapping canonical Wnt signaling in the developing and adult retina.
Invest. Ophthalmol. Vis. Sci. 47, 5088–5097.
Lovicu, F.J., McAvoy, J.W., 1999. Spatial and temporal expression of p57(KIP2) during
murine lens development. Mech. Dev. 86, 165–169.
Lovicu, F.J., McAvoy, J.W., 2001. FGF-induced lens cell proliferation and differentiation is
dependent on MAPK (ERK1/2) signalling. Development 128, 5075–5084.
Lovicu, F.J., McAvoy, J.W., 2005. Growth factor regulation of lens development. Dev. Biol.
280, 1–14.
Lovicu, F.J., Overbeek, P.A.,1998. Overlapping effects of differentmembers of the FGF family
on lens ﬁber differentiation in transgenic mice. Development 125, 3365–3377.
Lyu, J., Joo, C.K., 2004. Wnt signaling enhances FGF2-triggered lens ﬁber cell
differentiation. Development 131, 1813–1824.
Maddala, R., et al., 2004. Impaired cytoskeletal organization and membrane integrity in
lens ﬁbers of a Rho GTPase functional knockout transgenic mouse. Lab. Invest. 84,
679–692.
McAvoy, J.W., 1978. Cell division, cell elongation and distribution of alpha-, beta- and
gamma-crystallins in the rat lens. J. Embryol. Exp. Morphol. 44, 149–165.
McAvoy, J.W., et al., 1999. Lens development. Eye 13 (Pt 3b), 425–437.
Mitchell, C.A., et al., 1998. Regression of vessels in the tunica vasculosa lentis is initiated
by coordinated endothelial apoptosis: a role for vascular endothelial growth factor
as a survival factor for endothelium. Dev. Dyn. 213, 322–333.
Morgenbesser, S.D., et al., 1995. Contrasting roles for c-Myc and L-Myc in the regulation
of cellular growth and differentiation in vivo. EMBO J. 14, 743–756.
Mucenski, M.L., et al., 2003. Beta-catenin is required for speciﬁcation of proximal/distal
cell fate during lung morphogenesis. J. Biol. Chem. 278, 40231–40238.
Murtaugh, L.C., et al., 2005. Beta-catenin is essential for pancreatic acinar but not islet
development. Development 132, 4663–4674.
Nguyen, M.M., et al., 2002. Deregulated cell cycle control in lens epithelial cells by
expression of inhibitors of tumor suppressor function. Mech. Dev. 112, 101–113.
Perez-Moreno, M., Fuchs, E., 2006. Catenins: keeping cells from getting their signals
crossed. Dev. Cell 11, 601–612.
Pontoriero, G.F., et al., 2007. An essential role for E-cadherin in maintenance of the lens
epithelial phenotype. Invest. Ophthalmol. Vis. Sci. 48, 2006.
Rao, V., et al., 2002. Rho GTPase inactivation impairs lens growth and integrity. Lab.
Invest. 82, 231–239.
Renaud, F., et al., 1994. Up-regulation of aFGF expression in quiescent cells is related to
cell survival. J. Cell Physiol. 158, 435–443.
Reneker, L.W., Overbeek, P.A., 1996. Lens-speciﬁc expression of PDGF-A alters lens
growth and development. Dev. Biol. 180, 554–565.
Ring, B.Z., et al., 2000. Regulation of mouse lens ﬁber cell development and
differentiation by the Maf gene. Development 127, 307–317.
Shin, K., et al., 2006. Tight junctions and cell polarity. Annu. Rev. Cell Dev. Biol. 22,
207–235.
Shinohara, T., et al., 2002. LEDGF, a survival factor, activates stress-related genes. Prog.
Retin. Eye Res. 21, 341–358.
Shu, W., et al., 2005. Wnt/beta-catenin signaling acts upstream of N-myc, BMP4, and
FGF signaling to regulate proximal–distal patterning in the lung. Dev. Biol. 283,
226–239.
Smith, A.N., et al., 2005. The duality of beta-catenin function: a requirement in lens
433S. Cain et al. / Developmental Biology 321 (2008) 420–433morphogenesis and signaling suppression of lens fate in periocular ectoderm. Dev.
Biol. 285, 477–489.
Song, N., et al., 2007. pygopus 2 has a crucial, Wnt pathway-independent function in
lens induction. Development 134, 1873–1885.
Straub, B.K., et al., 2003. A novel cell–cell junction system: the cortex adhaerens mosaic
of lens ﬁber cells. J. Cell Sci. 116, 4985–4995.
Stump, R.J., et al., 2003. A role for Wnt/beta-catenin signaling in lens epithelial
differentiation. Dev. Biol. 259, 48–61.
Thorey, I.S., et al., 1998. Selective disruption of genes transiently induced in
differentiating mouse embryonic stem cells by using gene trap mutagenesis and
site-speciﬁc recombination. Mol. Cell Biol. 18, 3081–3088.
van de Wetering, M., et al., 2002. The beta-catenin/TCF-4 complex imposes a crypt
progenitor phenotype on colorectal cancer cells. Cell 111, 241–250.
Wederell, E.D., de Iongh, R.U., 2006. Extracellular matrix and integrin signaling in lens
development and cataract. Semin. Cell. Dev. Biol. 17, 759–776.Wigle, J.T., et al., 1999. Prox1 function is crucial for mouse lens-ﬁbre elongation. Nat.
Genet 21, 318–322.
Xie, L., et al., 2006. Ras signaling is essential for lens cell proliferation and lens growth
during development. Dev. Biol. 298, 403–414.
Xu, L., et al., 2002. Systematic analysis of E-, N- and P-cadherin expression in mouse eye
development. Exp. Eye Res. 74, 753–760.
Zechner, D., et al., 2003. Beta-catenin signals regulate cell growth and the balance
between progenitor cell expansion and differentiation in the nervous system. Dev.
Biol. 258, 406–418.
Zhao, H., et al., 2004. Insertion of a Pax6 consensus binding site into the alphaA-
crystallin promoter acts as a lens epithelial cell enhancer in transgenic mice. Invest.
Ophthalmol. Vis. Sci. 45, 1930–1939.
Zhou, J., et al., 2007. Upregulation of gamma-catenin compensates for the loss of beta-
catenin in adult cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 292,
H270–276.
